Abstract Several changes have been described in the stroma surrounding a tumor, including changes in cellular composition, altered extracellular matrix composition and organization, and increases in stiffness. Tumor cells are influenced by the composition, organization, and mechanical properties of the microenvironment, and by signals from stromal cells.
Introduction
The tumor microenvironment (TME) surrounding mammary tumors is approximately four fold stiffer than normal tissue [1, 2] . This increase in stromal stiffness is dwarfed by the increase in stiffness of the solid tumor itself, in which stiffness may be increased 20 fold or more [1] . Both tumor cells and tumor associated cells have been shown to be sensitive to the mechanical properties of the extracellular matrix (ECM) and increasing ECM crosslinking in vivo, which increases stiffness, has been shown to drive tumor progression and invasion [1] [2] [3] [4] [5] . Many studies have investigated TME stiffness in directing epithelial morphology and control of invasive phenotypes, but these studies typically use models which do not adequately represent the physiological organization of the tissue. Many were done in 2D rather than 3D, others do not fully or appropriately control biophysical properties such as Electronic supplementary material The online version of this article (doi:10.1007/s12307-016-0188-z) contains supplementary material, which is available to authorized users.
stiffness, and still others use mixed and/or randomly dispersed cell populations that do not recapitulate the in vivo tissue and/or ECM organization [1, [5] [6] [7] [8] [9] . Further, much of the in vitro research surrounding tumor invasion and metastasis does not take into consideration the basic anatomy of epithelial tumors -they begin as normal epithelium and typically progress to a tumor in situ, which remains encapsulated in a basement membrane (BM) and physically separated from the cells and extracellular matrix (ECM) of the stroma before invading the surrounding tissue. The ECM of the stroma differs in composition, structure and arrangement from the ECM of the basement membrane (BM) [10] . Each ECM component is recognized by a different subset of cell-matrix binding proteins that can differ significantly in their downstream signaling, so the makeup of the ECM can have diverse effects on anchorage-dependent signaling [11, 12] .
Here we designed a model of a tumor in situ made up of a BM encapsulated tumor spheroid embedded in a collagen-I 3D hydrogel seeded with fibroblasts to mimic an in vivo set of ligands in a physiological arrangement. We varied the collagen-I hydrogel stiffness to mimic either normal breast (~200 Pa) or breast tumor adjacent stiffness (~800 Pa) using short polyethylene glycol polymers (12-atoms in length), functionalized with the addition of N-hydroxysuccinimide groups, which crosslinks the collagen-I matrix much like physiological crosslinks formed in vivo [13] . This allows us to alter the gel stiffness independently of gelation temperature, pH or collagen concentration, as each of these factors can alter the structure or ligand availability of the collagen-I matrix [14] [15] [16] . This stiffness controlled collagen-I hydrogel encapsulates both the BM coated tumor spheroids as well as fibroblasts to form a biomimetic tumor in situ.
We have previously shown that a modest 4X change in ECM stiffness leads to the activation of fibroblasts to a carcinoma-associated fibroblast-like state [17] . Carcinomaassociated fibroblasts (aka tumor associated fibroblasts; CAFs) play key roles in tumor growth and metastasis via both paracrine and juxtacrine interactions and are found surrounding and infiltrating tumors [18] [19] [20] [21] [22] [23] . Multiple studies have shown that mixing CAFs with neoplastic cells prior to implantation in a mouse host results in larger tumors and more metastases when compared to injecting neoplastic cells alonewhile recent studies with genetically engineered mice suggest that some components of the tumor stroma, possibly CAFs, may restrain tumor progression [24] [25] [26] [27] . One possible paracrine signal which is secreted by CAFs is osteoprotegerin (OPG) [28, 29] , a soluble decoy receptor for receptor activator of nuclear factor-κB ligand (RANKL). OPG has been shown to block RANKL induced migration in cells expressing the RANKL receptor (RANK), such as MDA-MB-231 cells [30, 31] . RANKL binding to RANK activates Src, Akt and MAPK/ERK signaling pathways to induce a migratory phenotype [30, 31] , and OPG can sequester RANKL to inhibit RANK activation [32] .
In this study, we examine the role of stromal stiffness and signals from fibroblasts in directing epithelial invasion and dissemination from a tumor in situ. We vary stromal stiffness and the availability of physical and paracrine signals from fibroblasts to interrogate the effect of these stromal features on tumor dissemination. We observed a dramatic increase in invasive behavior due to stromal stiffness when epithelial cells were cultured without stromal cells, but when stromal cells were included in the stiffened matrix, this effect was attenuated. We found that the stiffened matrix induced signaling from stromal fibroblasts that inhibited the stiffness-induced invasive behavior of the tumor cells, and further that this activity was mediated by osteoprotegerin. Together, these data suggest that this paracrine signal from stromal fibroblasts can override the effects of the mechanical environment on the tumor cells.
Methods

Cells and Cell Maintenance
MCF10A human mammary epithelial cells (product ATCC CRL-10,317, American Type Culture Collection) were cultured in DMEM/F12 (Corning) supplemented with 5 % horse serum (Atlanta Biologicals), 1 % L-glutamine (Corning), 1 % penicillin/streptomycin (Corning), 500 ng / mL hydrocortisone (Sigma Aldrich), 10 μg / mL insulin (Invitrogen), 100 ng / mL cholera toxin (Sigma Aldrich), and 20 ng / mL epidermal growth factor (Sigma Aldrich) at 37°C under 5 % CO2. MCF10A cells in this study were used from passage 5-30. MDA-MB-231 human mammary epithelial tumor cells (product ATCC HTB-26, American Type Culture Collection) were cultured in DMEM (Corning) supplemented with 5 % fetal bovine serum (Atlanta Biologicals), 1 % Lglutamine (Corning) and 1 % penicillin/streptomycin (Corning) at 37°C under 5 % CO2. MDA-MB-231 cells in this study were used from passage 20-40. Human breast fibroblasts (CCD-1065Sk, product ATCC CRL-2077, American Type Culture Collection) were cultured in MEM (Corning) supplemented by 10 % fetal bovine serum (Atlanta Biologicals), 1 % L-glutamine (Corning), 1 mM sodium pyruvate (Corning) and 1 % penicillin/streptomycin (Corning) and maintained at 37°C under 5 % CO 2 . All cell lines were obtained within 6 months of experimentation and were authenticated by ATCC. Fibroblast cells were cultured from a minimum of 10 % to a maximum of 75 % confluence and only cells from passages 2-8 were used. Culture media suited for CCD-1065Sk fibroblast (HFb) cells was used in all experiments and does not alter cellular viability as both epithelial cell lines demonstrate an increased growth rate with HFb media (Fig. S1-c & d) . All experimental conditions utilized the base media as defined for human breast fibroblasts (CCD-1065Sk) with any deviation (conditioned media, additional protein/antibody) described for each experiment.
Preparation of Spheroids and Hydrogels
Basement membrane coated epithelial spheroids were formed by adding 50,000 (MDA-MB-231) or 100,000 (MCF10A) cells in 50 μL of culture media to wells of a 96-well low attachment plate (product 7007, Corning). Plates were incubated for 2 days at 37°C under 5 % CO2 in an incubator with a low intensity constant vibration (from incubator circulation fan and an orbital shaker) to induce cell coalescence. On day two, 25 μL growth factor reduced Matrigel® (product 354,230, Corning, Lots 27,690, 3,227,775, 4,260,001) diluted in OPTI-MEM I (product 31,985-070, Life Technologies) to 3 mg / mL was added to each well for a final GFR-Matrigel® concentration of 1 mg / mL (below the critical gelation concentration for Matrigel® which allows ECM components to be freely available for assembly). Plates were cultured for an additional 2 days before spheroids were harvested.
Soft and stiff hydrogels were prepared as before [17] . Briefly, collagen-I (product 150,026, MP Biomedicals) was re-suspended in 0.02 N acetic acid at 3 mg / mL. Collagen solution was combined with neutralizing solution (0.52 M Sodium Bicarbonate, 0.4 M HEPES and 0.08 N Sodium Hydroxide), cellular suspension media (DMEM +5 % BSA) with or without fibroblasts as indicated, and poly(ethylene glycol)-di(succinic acid N-hydroxysuccinimide ester) (PEGdiNHS) dissolved in DMSO (100 mg / mL, product E3257, Sigma-Aldrich, molecular weight 456.36) or DMSO control. The ratio for gel formation was 615 : 308 : 77 : 4 for collagen-I : suspension media: neutralizing solution: PEG-diNHS / DMSO. Hydrogel mixture was kept on ice.
To form fibroblast-only hydrogels, 100 μL droplets of collagen-I/fibroblast mixture were plated in 10 cm dishes (eight droplets per dish) and allowed to gel for 45 min at 37°C. The surface tension of the collagen-I solution and hydrophobicity of the culture dish do not allow the droplets to spread, so they retain a uniform and replicable bead size. After initial gelation, 10 mL fibroblast culture media was added to the dish and the hydrogels were released from the surface with a plastic spatula. To make spheroid-containing hydrogels, pre-formed spheroids in 2 μL media droplets were transferred to 10 cm dishes (eight spheroids per dish). 100 μL of collagen-I solution was added to each spheroid droplet, briefly mixed in the pipette tip and re-deposited in the dish. Dishes were incubated for 45 min at 37°C to allow gels to form, then 10 mL culture media was added to the dish and hydrogels were released from the surface with a spatula. To form spheroid-fibroblast hydrogels, the same procedure was employed, except that the collagen-I hydrogel mixture was pre-populated with fibroblasts as was done with the fibroblast-only hydrogels. In some cases, after formation, gels were transferred to 12-well plates (1 gel in 1.5 mL fibroblast culture media per well) to monitor each spheroid individually. All hydrogels were cultured on an orbital shaker to ensure they did not reattach to the culture vessel.
Microscopy
Confocal fluorescence and phase contrast images of live or fixed cells were taken with an inverted microscope (DMI 4000B Inverted Microscope, LEICA Microsystems), with a 10 X objective (N PLAN 10X/0.25 PH 1, ∞/−/B, LEICA Microsystems) utilizing an ORCA-ER digital camera (model C4742-95, Hamamatsu) and Volocity imaging software (Improvision/PerkinElmer). Images for dissemination and spheroid size measurements were taken using phase contrast. Multiple images were stitched together using Fiji (ImageJ) software [33] with the MosaicJ plugin. Disseminated cells were manually counted and the area and circularity of spheroids were measured by drawing a ROI around the spheroid body. Images for growth curves in differential media were taken at 10 X using phase contrast. Five random images were taken daily, manually counted and counts averaged. Count per image was converted to cells / cm 2 utilizing the known dimensions of the culture dish.
Confocal Immunofluorescence
Hydrogels were prepared and cultured for 3 days. Gels were fixed with 37°C, 4 % paraformaldehyde solution for 45 min, permeabilized with 0.25 % Triton-X solution for 45 min at room temperature except in the case of annexin V staining (see below), washed with PBS + 0.05 % sodium azide (PBS-NaAzide) and incubated for 2 h or overnight in blocking solution (5 % goat serum, 1 % BSA, 0.05 % NaN3 in PBS) at 4°C. Samples were then incubated for 24 h with primary antibodies against proteins of interest (Collagen-IV @ 1:500, product GTX26311, GeneTex; α-SMA @ 1:200, product MA1-37,027, Thermo Scientific; Palladin @ 1:200, product A3986, Sigma-Aldrich; Ki-67 @ 1:100, product 550,609, BD Biosciences; Annexin V @ 1:500, product PA5-27,872, Thermo Scientific) followed by three 60 min washes with PBS-NaAzide. Samples were then incubated for 24 h with secondary antibodies (@ 1:300, Alexa Fluor, Life Technologies), rhodamine phalloidin for F-actin when indicated (product P1951, Sigma-Aldrich) and counterstained with DAPI, again followed by three 60 min washes with PBSNaAzide. Immunostained hydrogels were stored and imaged in 8-chamber cell culture slides (product 154,534, Thermo Scientific) with 100 μL PBS-NaAzide. PBS-NaAzide was aspirated before imaging of hydrogel to reduce light scattering. All hydrogels for multiple semi-quantitative trials were stained and imaged concurrently with single dilutions of antibodies and confocal fluorescence microscopy laser exposure times were maintained constant for each protein. In our immunocytochemistry experiments, we examined fibroblasts both close to and far from the spheroid to account for any differences caused by spheroid proximity and for possible diffusion complications due to hydrogel compaction, although no differences were detected (data not shown). For proliferation and apoptosis experiments, spheroids were cultured as indicated or as a subconfluent monolayer in the case of 2D for 3 days. Samples were fixed as above -except in the case of Annexin V where no permeabilization step was done -and stained for Annexin V or Ki-67. Spheroids were imaged by confocal microscopy. Proliferative and apoptotic cells were counted and calculated as a percentage of the total cell count observed by DAPI staining.
Hydrogel Compaction Assay
Hydrogels were prepared as above and imaged with an 8-megapixel digital camera (XT894, Motorola). Hydrogel dimensions were measured with Fiji software [33] , normalizing to the known size of the culture dish. Imaging of hydrogels in media causes a 15 % decrease in measured size in comparison to imaging without media, due to optical distortion. As hydrogels were imaged on day 0 without media and on day 3 in the presence of media, data was normalized to correct for this measurement differential.
Cytokine Identification
TIMPs and cytokines present in fibroblast conditioned media were identified using a semi-quantitative, sandwich-based, human cytokine array (product AAH-CYT-1000, RayBiotech) and quantified using Fiji (ImageJ) software [33] . Quantified intensity is normalized to unconditioned media, in which only MCP-1 was detected at a minimal level. Only those with a detectable level and a difference of more than 2-fold from unconditioned media are reported. Only one experimental replicate was completed. Three experimental replicates of conditioned media were combined and used as the experimental replicate. Error bars are derived from duplicate technical replicates included in the array.
Osteoprotegerin Assay
Spheroids were cultured as described above for individual spheroid monitoring. Recombinant human osteoprotegerin (product 6945-OS-025, R&D Systems) was added to culture media at a concentration of 100 ng / mL or neutralizing antibody to osteoprotegerin (product MAB805, R&D Systems) was added to culture media at a concentration of 2 μg / mL. Control conditions were treated with BSA or a GAPDH antibody at the same concentrations. Samples were grown for 3 days as before and evaluated by the same criteria as before.
Statistical Analysis
Statistical analysis was performed using Microsoft Excel with the Real Statistics Resource Pack (Release 2.14.1, http://www.realstatistics.com/). P-values <0.05 were considered significant. Each experiment utilized three independent trials unless otherwise noted. For initial spheroid characterization, 17 Matrigel® and 4 non-Matrigel® spheroids were considered for each cell line in 2 independent trials. For spheroid dissemination with no fibroblasts, 14 spheroids were considered for each cell line in each stiffness at each time point. For collagen-IV intensity measurements, 6 spheroids were used. For hydrogel compaction, 12 spheroids for each stiffness were considered for 50,000 fibroblast condition, 6 spheroids for each stiffness for 10,000 fibroblast condition, 9 spheroids for each stiffness for no fibroblast condition and 27 hydrogels for each stiffness for no spheroid condition. For fibroblast immunocytochemistry, 9 fibroblast populated hydrogels were used for each stiffness condition. For spheroid dissemination in the presence of fibroblasts, 12 spheroids for each stiffness with each fibroblast concentration were considered. For conditioned media experiments, 9 spheroids for each stiffness were considered. For OPG and antibody experiments, 12 spheroids for each stiffness were considered. Quantification of the concentration of factors in conditioned media was conducted once with duplicate spots on the array. Spheroid apoptosis and proliferation percentages were obtained from 3 spheroids for each stiffness. Cell growth rates in fibroblast media were obtained from 15 samples.
Results
Formation of Tumor Spheroids with a Collagen-IV Containing Basement Membrane
A tumor in situ is encapsulated within a basement membrane, so we sought to model this physiological organization in vitro. We used growth factor reduced Matrigel® (GFR-Matrigel®), a protein mixture secreted by Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells that is made up primarily of collagen-IV, laminin, and entactin, which are major components of the BM [34] , as a source of BM proteins to jumpstart BM formation. We added dilute GFR-Matrigel® (below the gelation concentration of Matrigel®) to forming spheroids, which allowed the BM components to be adsorbed to the surface of the cells. This method led to the formation of tight, structurally stable spheroids from both the phenotypically normal MCF10A breast epithelial cells and the highly invasive MDA-MB-231 breast cancer cells within four days in vitro.
MCF10A spheroids were morphologically similar with or without the addition of GFR-Matrigel®, with no significant difference in cross-sectional area ( Fig. 1-a) or circularity, which is a measure of spheroid roundness ( Fig. 1-b) . This suggests that the strong cell-cell contacts formed by noninvasive epithelial cells allow for spheroid formation without additional matrix components and/or that these cells secrete sufficient matrix to promote spheroid formation. The MCF10A spheroids formed in the absence of GFRMatrigel®, however, were fragile and attempts to incorporate them into a larger hydrogel construct failed.
MDA-MB-231 cells, on the other hand, pack loosely in the absence of GFR-Matrigel®, resulting in a larger crosssectional area ( Fig. 1-a) and oblong shapes and jutting protrusions which can be quantified as a decrease in circularity ( Fig. 1-b) , suggesting that the weak cell-cell contacts formed by invasive epithelial cells do not allow for tight spheroid formation without the addition of exogenous matrix components. The MDA-MB-231 spheroids formed without GFRMatrigel® are also fragile and do not maintain coalescence during manipulation, which made it impossible to incorporate them into the complete model system. As the addition of GFR-Matrigel® to forming MDA-MB-231 spheroids results in more tightly packed and coherent spheroids ( Fig. 1-a & b) , these data suggest that BM components have a normalizing effect on the metastatic MDA-MB-231 cells, prompting them to acquire a less invasive, more normal epithelial phenotype.
We next incorporated the GFR-Matrigel®-10 A or −231 spheroids into a collagen-I hydrogel model of the tumor microenvironment (TME) stroma. We performed immunocytochemistry with an antibody to collagen-IV, one of the main constituents of the BM, and found that a layer of collagen-IV surrounds the spheroids, but is largely absent from the center (Fig. 1-c) , indicating a BM-like coating. Together, these results suggest that we can form BM-encapsulated spheroids with both normal breast epithelial cells and highly invasive breast cancer cells. Further, they suggest a role for BM proteins in directing invasive cell types to assume a more normal cell-cell interactive phenotype.
Stromal Stiffness Induces Tumor Cell Invasion
We next wanted to determine if the mechanical stiffness of the stromal environment alters the invasive response of cells within a BM encapsulated spheroid. We embedded spheroids in either~200 Pa soft or~800 Pa stiff collagen-I hydrogels (Young's modulus) which recapitulates the mechanical properties of normal stroma or tumor-associated stroma [1, 2] . To do so, we formed either soft or stiffened (PEG-diNHS crosslinked) collagen-I hydrogels as previously demonstrated [17] , placing the spheroids in the hydrogel before gelation. The composite hydrogels were then released from the substrate to avoid variations in stiffness due to the anchoring of the hydrogels, and incubated for 3 days. We then measured spheroid size and counted the number of cells that dissociated from the spheroid after 3 days. There was a slight decrease in the size of MCF10A spheroids over the 3 day time course in both soft and stiff gels, but there was no significant dissemination from the spheroid in either condition (Fig. 2-a, b & c) . The MDA-MB-231 spheroids, however, showed a dramatic change in response to stromal stiffness. When the MDA-MB-231 spheroids were incorporated into a soft matrix, the spheroids increased significantly in size over the 3 day time course, but individual MDA-MB-231 cells did not dissociate from the spheroid body. When the MDA-MB-231 spheroids were incorporated into the stiffened matrix however, the spheroids increased in size and a large number of individual cells also migrated away from the spheroid body ( Fig. 2-a, b &  c) . The integrity of the basement membrane around the MDA-MB-231 spheroids also appears to be diminished after 3 days in the stiff gels in comparison to the soft gels (Fig. 2-d) , and there was significantly less collagen-IV staining around spheroids in the stiffened matrix in comparison to those in the softer (Fig. 2-e) . The change in size of both MCF10A and MDA-MB-231 spheroids is not likely to be due to differences in proliferation or apoptosis as the number of proliferative or apoptotic cells was unchanged for either cell type in soft or stiff gels, or when cells were grown as a 2D monolayer (Fig. S1-a & b) . Together these data suggest that the spheroids comprised of non-invasive MCF10A cells do not undergo any significant morphological changes due to the stiffened stromal environment, but the stiffened stromal environment stimulates a switch to an invasive phenotype in the MDA-MB-231 cells, which can override the normalizing effect of the encapsulating BM.
Stiffness-Induced Fibroblast Activation Is Altered by Tumor Spheroids
We have previously shown that growth in stiffened hydrogels can lead to the activation of fibroblasts to a carcinomaassociated fibroblast-like state, and others have shown that the tumor itself can affect stromal cell activation and recruitment [17, 35, 36] . Here, we sought to determine if the presence of a tumor spheroid had an effect on the stiffness-induced fibroblast activation we previously observed [17] . We measured the expression of two markers of fibroblast activation, α-smooth muscle actin (αSMA) and palladin [17] , in fibroblasts in hydrogels with and without MDA-MB-231 spheroids. We also measured the compaction of the hydrogel, which is an indirect measure of fibroblast contractile activity. We saw that without fibroblasts (HFb) in the hydrogel, there was no compaction of either soft or stiff gels (Fig. 3-a) . We also saw that the presence of the spheroid led to greater compaction than the fibroblasts (HFb) were able to accomplish alone in both soft and stiff gels. In fact, gels with spheroids and 50,000 fibroblasts (HFb) per mL compacted more than gels with twice as many fibroblasts but without spheroids. Furthermore, a relatively low density of fibroblasts in the stiff gel with a spheroid (10,000 fibroblasts / mL) led to the same amount of compaction as a 10 fold increase in the number of fibroblasts alone, but the same low amount of fibroblasts had almost no effect in the soft gel with spheroid ( Fig. 3-a) . These data suggest that signals from the spheroid are enhancing the contractile activity of the fibroblasts in this model system and to a greater extent in stiff hydrogels. Paradoxically, when we looked at two markers of fibroblast activation, we observed a decrease in expression when spheroids were present. Both α-smooth muscle actin and palladin expression increase when fibroblasts are cultured in stiff hydrogels, in comparison to growth in soft gels, but the presence of a MDA-MB-231 spheroid dampens this increase (Fig. 3-b & c) . This suggests that signals from the epithelial spheroid may have a suppressive effect on myofibroblast-associated protein expression, although the cells show greater contractile activity. Taken together, these data suggest that the spheroid alters the response of fibroblasts to the environment in a complex manner, which decouples contractile activity from myofibroblast-associated protein expression.
Juxtacrine Signals from Stromal Fibroblasts Inhibit Tumor Cell Invasion
Increasing evidence supports a role for fibroblasts and other stromal cells in tumor progression [21] . In order to examine the effect of fibroblasts upon a tumor in situ, we incorporated a low (10,000 cells/mL) or medium concentration (50,000 cells/ mL) of fibroblasts into the hydrogels when adding spheroids. Spheroids of MCF10A cells showed no response to the presence or absence of fibroblasts (Fig. S2) , indicating that noninvasive epithelial cells are phenotypically unaffected by fibroblast signals. However, fibroblasts did have a significant effect on spheroids of MDA-MB-231 cells. When MDA-MB-231 spheroids were embedded in soft hydrogels, they showed little to no invasive behavior and the presence of fibroblasts did not change this. However, when the MDA-MB-231 spheroids were embedded in stiff hydrogels, the presence of fibroblasts at any concentration significantly decreased MDA-MB-231 invasive behavior (Fig. 3-d) . The presence of fibroblasts also leads to a decrease in spheroid size in both soft and stiff gels (Fig. 3-e) , but we suggest this is likely due to the compaction of the hydrogel by the fibroblasts (Fig. 3-a) [17] . Together, these data suggest that fibroblasts can suppress the invasive behavior of MDA-MB-231 cells.
Paracrine Signals from Stiffness Activated Fibroblasts Inhibit Tumor Cell Invasion
To determine if the effect that fibroblasts have on MDA-MB-231 invasive behavior in stiffened hydrogels is due to physical or paracrine interactions, we next cultured spheroids in hydrogels with fibroblast conditioned media. Conditioned media from fibroblasts cultured in soft hydrogels had little effect; the dissociation of cells from MDA-MB-231 spheroids was similar to those cultured without fibroblast conditioned media (Fig. 4-a & c) . Conditioned media from fibroblasts cultured in stiff hydrogels, on the other hand, had a significant effect. Interestingly, incubation with stiff hydrogel conditioned media slightly increased the dissemination from spheroids embedded in soft stroma, but conversely, dramatically inhibited invasion from spheroids in stiff stroma (Fig. 4-a &  c) . Neither conditioned media caused a change in spheroid size in comparison to control (Fig. 4-b) , confirming that the compaction seen in co-culture was due to the contractile activity of the fibroblasts themselves. Together, these data suggest that both physical and chemical signals generated by fibroblasts can affect tumor cell invasiveness and that these signals interact. Growth in a stiffened matrix alone can cause tumor cells to disseminate from the spheroid, but the presence of either fibroblasts or chemical signals from fibroblasts grown in a stiffened matrix can inhibit this invasive behavior. On the other hand, chemical signals from fibroblasts grown in a stiffened matrix can promote invasion in a soft matrix that is lacking the physical cues that promote invasion, although the magnitude of this effect is smaller than that seen within the stiffened matrix.
Osteoprotegerin Inhibits Tumor Cell Invasion
To determine which soluble factors secreted by fibroblasts may modulate invasive behavior, we screened fibroblast conditioned media for 120 candidate cytokines, and found that 30 were present in conditioned media (Table S1 ). Of those, eight were significantly higher in concentration in conditioned media than in unconditioned media (Fig. 5-a, Table S1 ). Osteoprotegerin (OPG), in particular, showed the greatest difference between conditioned media from stiff gels and that from soft gels -a 3.7-fold increase in stiff hydrogel media. OPG acts upon the RANK pathway as a decoy receptor for RANKL, therefore we probed for RANK via dot blot and saw no significant change in expression (Fig. 5-a) . To determine if the difference in OPG concentration affects the invasive behavior of MDA-MB-231 cells, we cultured MDA-MB-231 spheroids in soft and stiff stromal hydrogels with either (1) stiff hydrogel fibroblast conditioned media to which neutralizing antibodies to OPG were added or (2) with soft hydrogel fibroblast conditioned media to which recombinant OPG was added. Soft hydrogel fibroblast conditioned media plus recombinant OPG (+rOPG) had little effect on spheroids in soft hydrogels; the dissemination of cells remained at baseline levels. +rOPG with stiff hydrogels however, significantly reduced the dissemination of cells from the spheroid to the same level as stiff hydrogel fibroblast conditioned media (Fig. 5-b) . When we added an antibody to OPG to stiff hydrogel fibroblast conditioned media (OPG AB), the inhibition of invasiveness was lost and dissemination was increased to levels approaching those seen with soft hydrogel fibroblast conditioned media or unconditioned media in both soft and stiff hydrogels (Fig. 5-c) . These data suggest that OPG can suppress tumor cell invasion and further that the expression of OPG by fibroblasts is regulated by their activation state, which is modulated by the mechanical properties of the stromal matrix. Further, they suggest that fibroblast paracrine signals controlling invasive behaviors override epithelial mechanosignaling observed when tumor cells are cultured alone.
Discussion
Bidirectional communication between tumors and the TME has become an increasingly accepted paradigm in cancer biology [18, [37] [38] [39] . Fibroblasts are the major cell type in the stroma and they have been implicated in the growth, invasion and metastasis of tumors, therefore we focused on the interactions between fibroblasts and our model tumor in situ [35, 38, 40, 41] . We observed that a tumor spheroid composed of the invasive MDA-MB-231 cells does not exhibit a metastatic phenotype when encapsulated in a basement membrane and placed within a soft environment (Fig. 2-c) . Further, we observed that without the addition of Matrigel® during the spheroid maturation process, the spheroids which formed did not strongly coalesce, were fragile and unable to be incorporated into the complete model. MDA-MB-231 cells have previously been shown to become more tumorigenic in xenograft models when Matrigel® was incorporated into the experimental system, but other data suggests that laminin, a major component of Matrigel®, has a normalizing effect on epithelial phenotype [9, 42, 43] . Our data supports this latter finding, as we observed that the presence of a GFRMatrigel® nucleated BM suppresses the invasive phenotype. We also found that increasing the stiffness of the stromal matrix surrounding BM encapsulated MDA-MB-231 spheroids, but not spheroids composed of the more normal MCF10A epithelial cells, stimulates dissemination of individual cells (Fig. 2-c) . MDA-MB-231 cells have been previously shown to be sensitive to matrix stiffness, with stiffness playing roles in growth, morphology and adhesion [44] , and epithelial cells have also been shown to undergo EMT when cultured in stiff environments [4, 44] . Our data suggest that MDA-MB-231 spheroids can sense the mechanical properties of the stroma even when surrounded by a phenotypically normalizing basement membrane. Further investigations with this system may elucidate the transition from a tumor in situ to invasive metastatic disease.
When we added fibroblasts to the matrix surrounding our tumor in situ model, we observed a significant decrease in the Fig. 4 Fibroblast secreted cytokines override stiffness response. a Number of cells which have dissociated from the main tumor spheroid. For reference, diamond in plot is spheroid disassociation with 50 K fibroblasts present in hydrogel (Fig. 3) . Asterisk indicates significant difference from day 0; Student's t-test p-value <0.05. Double asterisk indicates significant difference from day 0; Student's t-test p-value <0.005. b Final size of the tumor spheroid. There were no statistically significant differences on day 3; Student's t-test p-value >0.05. c Representative phase contrast images of spheroids on day 3 with conditioned media treatment. Scale Bar =200 μm number of cells that dissociated from the MDA-MB-231 tumor spheroid in stiff hydrogels (Fig. 3-d & e) . This was unexpected as MDA-MB-231 cells have been previously shown to become more mesenchymal and increase expression of invasive markers such as MMP2 when cultured with fibroblasts vs cultured alone [45] . OPG inhibits NF-κB activation by sequestering RANKL from the RANK receptor and NF-κB activation regulates expression of invasion associated MMPs such as MMP2 [46] . MDA-MB-231 cells have also been shown to migrate individually, without the need to degrade matrix, through collagen-I hydrogels while they degrade the matrix to migrate through Matrigel® hydrogels [47] . This difference in migration method also switches immediately upon the interface of the different matrix type [47] . We hypothesize that the decreased dissemination of MDA-MB-231 cells -which are RANKL sensitive [30] -in stiff matrices is a result of the increased secretion of osteoprotegerin (OPG) by fibroblasts and stagnant expression of RANKL (Fig. 5-a) , leading to a loss of NF-κB activation and therefore the ability to degrade the Matrigel® membrane to migrate away from the spheroid. Further that the increased secretion of OPG by fibroblasts is due to the stiffened matrix by altering mechanosensitive gene expression ( Fig. 3-a, b & c) .
Our model system also allows the matrix to be remodeled by the cells present within it and we observe this remodeling as a compaction of the hydrogel over the experimental time course. It is possible that the tumor cells become mechanically constrained by the compaction of the matrix, which could also inhibit cell motility (Fig. 3-a, d & e) . However, we view the development of a mechanical constraint due to the compaction of the hydrogel as unlikely, as the number of disassociated cells remains constant between compacted stiff hydrogels ( Fig. 3-d ) and the uncompact, fibroblast free, stiff fibroblast conditioned media treated hydrogels (Fig. 4-a) .
Experiments with conditioned media demonstrated that soluble signals from fibroblasts in stiff hydrogels, in which OPG levels were 3.7-fold higher than media from fibroblasts in soft hydrogels, led to a decrease in dissemination from MDA-MB-231 spheroids but did not limit spheroid size (Fig. 4-a) . The addition of recombinant OPG to soft hydrogel fibroblast conditioned media inhibited dissemination to the same degree as media from cells in stiff hydrogels, and removing OPG from stiff hydrogel conditioned media via antibody treatment restored cell dissemination in stiff hydrogels (Fig. 5-b & c) , suggesting that OPG can override mechanically induced tumor cell migration. Interestingly, the removal of OPG also led to an increase in dissemination in soft hydrogels. We hypothesize that this increase in dissemination is due to one of many factors known to elicit epithelial migration that are increased in both soft and stiff fibroblast conditioned mediaincluding GRO (CXCL1), IL-6, IL-8, MCP-1 (CCL2) and μPAR -all of which interact with NF-kB signaling pathway to stimulate migration as does the RANKL-RANK / OPG system [36, [48] [49] [50] [51] [52] [53] [54] [55] . 5 Osteoprotegerin secretion is increased in activated fibroblasts and inhibits dissemination. a Quantification of cytokine array targets which were not present in or increased concentration from unconditioned media. Data normalized to unconditioned media by normalizing to array control and subtracting unconditioned media baselines. Asterisk indicates significant difference from soft gel. Student's t-test p-value <0.05. Error bars show standard deviation. b Dissemination of cells from spheroids treated with soft hydrogel fibroblast media and additional recombinant OPG. Fewer cells disseminated from stiff stromal spheroids when OPG level was increased. Diamond markers represent spheroid dissemination when cultured within a stiff matrix with stiff matrix HFb conditioned media. c Dissemination of cells from spheroids treated with stiff hydrogel fibroblast media and an antibody to OPG. Cells disseminated from spheroids, regardless of hydrogel stiffness, when blocking OPG. Diamond markers represent spheroid dissemination when cultured within a stiff matrix with soft matrix HFb conditioned media. Asterisk indicates significant difference from conditioned media only. Student's t-test p-value <0.05. Error bars show standard deviation of the mean Fibroblasts in the stiffened stromal hydrogel displayed an activated phenotype, as indicated by increased matrix modification as well as increased α-smooth muscle actin and palladin expression (Fig. 3-a, b & c) , consistent with results from our lab and others [17] . When cultured with MDA-MB-231 spheroids, however, activation associated protein expression decreased, although matrix compaction increased. This may appear paradoxical at first glance -although protein markers of fibroblast activation are generally associated with a proportional change in matrix associated behaviors, a clear molecular mechanism linking activation associated behaviors such as matrix reorganization and degradation to activation associated protein expression has not been demonstrated. Tumor cells like the MDA-MB-231 cells used here also secrete cytokines such as transforming growth factor beta (TGFβ), connective tissue growth f a c t o r ( C T G F ) a n d I G F -2 , w h i c h c a n d r i v e myofibroblast differentiation independently [56] [57] [58] and it has been shown that myofibroblasts in the tumor environment are diverse with subpopulations that do not express canonical markers such as αSMA [59] . It is possible that the discrepancy we see between the decreases in these markers of activation and increases in matrix remodeling reflect interactions between these different signaling pathways and activated fibroblast subtypes and further experiments will be necessary to elucidate this dichotomy.
Conclusion
Here we demonstrated a new model system that mimics tissue organization of a tumor in situ, utilizes ligands and the organization of those ligands found in vivo, and matches the biophysical stiffness observed in normal and pathological states. With this physiologically representative system, we present results that suggest that paracrine signaling from stromal fibroblasts can override mechanical signals from the tumor stroma in directing invasive behaviors from tumor cells. These fibroblast paracrine signals, however, are induced by the mechanical signals of the stiffened stroma. Together, we conclude that the direct physical signal from the TME is instrumental in promoting an indirect fibroblast paracrine signal, which regulates invasive behavior.
BM, basement membrane;ECM, extracellular matrix; GFR-Matrigel®, growth factor reduced Matrigel®; OPG AB, stiff hydrogel fibroblast conditioned media plus an antibody to OPG; OPG, osteoprotegerin; PEG-diNHS, poly (ethylene glycol)-di(succinic acid N-hydroxysuccinimide ester); RANKL, nuclear factor-κB ligand; TME, tumor microenvironment; RANK, nuclear factor-κB ligand receptor; +rOPG, Soft hydrogel fibroblast conditioned media plus recombinant OPG.
